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@S0021-9606~97!02337-4#Oxidation of H2S in the atmosphere generates HS
radicals.1 Further oxidation of HS radicals eventually leads
to acidic precipitation. The kinetics of reactions of HS radi-
cals have been studied extensively by various techniques.2
However, all chemical systems employed for investigating
atmospheric reactions of HS radicals have been susceptible
to errors associated with secondary reactions that can regen-
erate HS radicals. Recently, we reported that the self-reaction
of HS radicals in the gas phase produces disulfane, HSSH.3
HS radicals were produced from the reaction of O atoms
with H2S in a flow tube,
O1H2S!HS1OH, ~1!
HS1HS!HSSH. ~2!
Gaseous HSSH may decompose to regenerate HS radicals.
The self-reaction of HS radicals might complicate kinetic
studies of HS reactions and might be of importance in atmo-
spheric chemistry. In biochemistry, the disulfide bond S–S
plays an important role in numerous proteins, enzymes, and
antibiotics. HSSH is the simplest compound containing the
S–S bond and has been the subject of numerous theoretical4,5
and spectroscopic studies. Rotational and vibrational–
rotational spectra,6–10 ultraviolet absorption spectra,11 photo-
electron spectra,12–14 and photoionization spectra3 of HSSH
have been reported.
In our previous study, we determined the ionization en-
ergy ~IE! of HSSH to be (9.4060.02) eV from photoioniza-
tion spectra.3 This result agrees satisfactorily with the IE of
9.41 eV reported by Frost et al. in their photoelectron spec-
troscopic study.14 However, an ionization transition accom-
panied with a considerable alteration in the equilibrium ge-
ometries exhibits very poor Franck–Condon overlap near the
threshold region. For example, in the case of CH3SSCH3, the
dihedral angle changes from 85.1° to 180° upon ionization.15
A similar structural change is expected to occur in the case
of HSSH. Hence, the true adiabatic IE of HSSH might not
have been observed in previous studies, including ours. To
test this hypothesis, we employ a method leading to an en-
hanced signal and combine the experimental study with the-
oretical calculations.J. Chem. Phys. 107 (13), 1 October 1997 0021-9606/97/107(13)/
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spectrometric technique3,16 to measure the photoionization
efficiency spectrum ~PIE! and IE of HSSH. The target spe-
cies was also generated from the self-reaction of HS radicals
in the flow tube. To increase the number density of HSSH,
HS radicals were produced through the reaction of Cl atoms
with H2S instead of reaction ~1!,
Cl1H2S!HS1HCl. ~3!
The rate coefficient of reaction ~3! is 7.4310211
cm3 molecule21 s21 at 298 K, which is about 3360 times
faster than that of reaction ~1!, 2.2310214
cm3 molecule21 s21 at 298 K.2 The gases from the flow tube
were sampled into an ionization region of a quadrupole mass
spectrometer via a three-stage differential pumping scheme.
The photoionizing light was dispersed from the 1.3 GeV syn-
chrotron storage ring at SRRC in Taiwan with a 1 m Seya–
Namioka monochromator. The more efficient radical genera-
tion together with the replacement of the channeltron
FIG. 1. Photoionization efficiency spectrum of HSSH (m/z566) from the
Cl1H2S reaction at a nominal resolution of 0.2 nm and with 0.1 nm steps. A
detailed spectrum around the onset region obtained by summing several
measurements is shown in the inset. The arrow indicates the onset of ion-
ization from neutral HSSH to trans-HSSH1.52735273/2/$10.00 © 1997 American Institute of Physics
AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
5274 Letters to the Editor
Downloaded 21 NTABLE I. Structural parameters of HSSH and HSSH1 optimized at the MP2~full!/6-31G* level compared with
experimentally obtained values, predicted energies (EG2), and ionization energies ~IE! calculated from neutral
1X˜ HSSH to a specific HSSH1 ion.
RH–S
~Å!
RS–S
~Å!
/H–S–S
~deg!
Dihedral angle
~deg!
EG2
~hartree!
IE
~eV!
HSSH 1.3421a 2.0564a 97.88a 90.34a
1X˜ HSSH 1.344 2.069 99.05 90.38 2796.671 874
trans-HSSH1 1.349 2.010 94.95 180.00 2796.337 967 9.086
cis-HSSH1 1.349 2.016 99.90 0 2796.333 555 9.206
HSSH1b 1.344 2.069 99.05 90.38 2796.299 774 10.125c
aExperimental value from Ref. 7.
bCation with the same equilibrium geometry as 1X˜ HSSH.
cVertical transition.detector resulted in HSSH1 counting rates more than 2 or-
ders of magnitude higher than in our previous work.
The PIE spectrum in the spectral range 110–140 nm of
ions at m/z566 from the Cl1H2S reaction is shown in Fig.
1. The spectrum was scanned in steps of 0.1 nm with a slit
width of 0.1 mm corresponding to a resolution of 0.2 nm or
0.014 eV. The contour of this spectrum is similar to that
obtained from the O1H2S reaction ~Fig. 3 of Ref. 3!. The
spectrum is characterized by a broadband maximized around
10.4 eV and a long weak tail, which extends to longer wave-
lengths than observed in our previous study. A detailed ex-
amination of PIE near the threshold region 133–140 nm is
plotted in the inset of Fig. 1. The threshold of photoioniza-
tion is determined from the first small rising step found at
(136.960.3) nm, corresponding to an IE of (9.0660.02)
eV. This value is 0.34 eV lower than our previous measure-
ment.
In order to interpret and assess our experimental results,
we employed ab initio calculations on neutral and ionic
HSSH with the GAUSSIAN-2 ~G2! procedure using the
GAUSSIAN 94 program. The structural parameters of the opti-
mized equilibrium geometries of neutral HSSH and HSSH1
ions at the MP2~full!/6-31G* level are listed in Table I. The
predicted structure of the ground state 1X˜ of neutral HSSH is
in excellent agreement with experimental results.7 Two
stable ionic isomers are found: a cis- and a comparably more
stable trans-HSSH1. Besides the different dihedral angles,
the calculated structures of the two ionic isomers deviate
only in /H–S–S by ;5°, and, in fact, with the exception of
the dihedral angles, both ionic isomers resemble the neutral
molecule. The calculated IE from the ground state of neutral
HSSH to cis-HSSH1 is 9.206 eV, whereas to trans-HSSH1
it is 9.086 eV. The latter value is close to the observed IE of
(9.0660.2) eV and we therefore believe that ionization of
HSSH near the threshold is more likely to form the trans-
HSSH1 ion. Owing to the small difference, 0.026 eV, be-
tween the theoretical result and the experimental value, we
assign the measured IE to the adiabatic IE, although this
transition could be expected to be difficult to observe be-
cause of very poor Franck–Condon factors near the thresh-
old region, owing to the ;90° change in the dihedral angle
upon ionization.
To derive the vertical IE, the energy of the HSSH1 ion
having the same equilibrium geometry as the optimized
ground state 1X˜ of neutral HSSH was also calculated. TheJ. Chem. Phys., Vol. 107,
ov 2007 to 211.23.84.2. Redistribution subject to calculated vertical IE is 10.125 eV, which is close to a recent
theoretical value of 10.11 eV obtained at the MRSDCI level5
for the first photoelectron peak that was observed at 10.09
eV.14 The vertical IE exceeds the adiabatic IE by more than
1 eV, which is consistent with the observed long weak tail
above the threshold in the PIE spectrum shown in Fig. 1.
The heat of formation of the HSSH1 ion,
D fH298(HSSH1), is derived from the heat of formation17
and adiabatic IE of HSSH, assuming the stationary electron
convention18 and found to be (212.760.5) kcal mol21. This
value is 5.8 kcal mol21 lower than the recommended value.19
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